The p53 tumor suppressor orchestrates a number of important genes involved in cell-cycle control and apoptosis. Mice de®cient for p53 show a high incidence of cancer but are developmentally normal suggesting that compensatory mechanisms exist in embryogenesis and dierentiation. The new KET protein is the ®rst mammalian protein with strong homology to p53 in all evolutionary conserved regions. This conservation makes a functional redundancy of the two proteins in cell-cycle control possible. KET is expressed during embryonic development and in certain adult tissues. Among all of the known p53 proteins of dierent species KET is most closely related to that found in squid. The relationship between KET and the invertebrate p53 protein sheds light on the evolutionary origin of p53. KET appears to be an ancestral p53-related protein in vertebrates with a possible role in development and dierentiation while the ubiquitously expressed p53 protein attained its general role as`guardian of the genome' during evolution.
Introduction
Regulation of the cell-cycle plays a fundamental role in normal cell growth and dierentiation. p53 is implicated in cell-cycle control mechanisms that monitor the cell's health and thus prevent malignant cell proliferation (Levine, 1997; Ko and Prives, 1996) . Multiple signals for cellular distress such as damage to genomic DNA, suboptimal growth conditions and oncogene activation converge on p53 and result in p53-dependent cell-cycle arrest in G1 or in apoptosis (Jacks and Weinberg, 1996) . The essential function of p53 as tumor suppressor protein is clearly demonstrated by the fact that it is found inactivated in more than 50% of human cancers and that mice lacking the p53 gene are prone to develop neoplastic diseases (Donehower et al., 1992) .
The role of p53 in cell-cycle control during embryonic development and terminal dierentiation is less clear. Although p53 is expressed in many tissues of the mouse embryo in a regulated fashion (Rogel et al., 1985; Schmid et al., 1991) mice develop almost normally in the absence of the p53 gene (Donehower et al., 1992) . It is possible that during development of p53 (7/7) mice other proteins accomplish its function. Lack of the expected phenotype after inactivation of a gene is often explained by the presence of related gene products which can compensate for the defect. Many transcription factors although having a speci®c function of their own are part of redundant dierentiation systems (Lassar and MuÈ nsterberg, 1994) . In contrast, transcription factors related to p53 have never been reported. The uniqueness of p53 is even more surprising given its pivotal role for many important cellular processes. We here report the cloning of the ®rst mammalian p53-related protein which exhibits all functional domains characteristic for p53.
Results and discussion
In a search for signal transduction components that are expressed speci®cally in taste receptor cells of the rat, dierent primers were used in the polymerase chain reaction (PCR) with a rat circumvallate (CV) taste papilla cDNA library as template. The deduced aminoacid (aa) sequence of one cloned fragment exhibited signi®cant homology to evolutionary conserved parts of the p53 protein. This fragment was used to screen the CV taste papilla cDNA library. Five independent hybridization-positive clones were isolated and further analysed. The longest clone (6-11) comprised 4681 bp including the poly(A) tail. Comparison with the human KET sequence (our unpublished results) indicated that the clone 6-11 was not full-length. Additional 5' cDNA sequence was obtained using the PCR on rat CV cDNA with an upstream primer designed according to the human sequence. Figure 1 shows the longest open reading frame of the rat KET protein coding for 634 aas. The N-terminal 380 aas of KET exhibit about 38% identity to the human (Zakut-Houri et al., 1985) and rat (Soussi et al., 1988) and 42% identity to the cephalopod Loligo forbesi (Ishioka et al., 1995; Soussi and May, 1996) p53 proteins. Comparison with human p53 (Figure 1 ) reveals that the identity between the two proteins is most striking over the 200 aa section in the middle of the p53 molecule for which the crystal structure is available (Cho et al., 1994) . In the four evolutionary conserved regions II, III, IV and V which contain the majority of hot-spots for mutations in tumor-derived p53 the identity reaches 75%. This domain is required for sequence-speci®c DNA-binding and constitutes a scaold for the protein loops and the loop ± sheet ± helix motif that interact directly with the DNA (Cho et al., 1994) . With one exception all of the amino-acids that contact the DNA are identical; R283 in human p53 is replaced by lysine, a conservative exchange which is also found in p53 of other species e.g. chicken (Soussi and May, 1996) . Amino-acids that play a role in the structural integrity of the domain such as R175, G245, R249 and R282 and those involved in coordinating the zinc atom (C176, H179, C238 and C242) are also conserved (Cho et al., 1994) . These similarities strongly suggest that the N-terminal part of KET folds into a DNA-binding structure homologous to that in the p53 protein.
Other functional domains characteristic for the p53 protein are also present in the KET protein. In the Nterminal transcriptional activation domain, aas 13 to 26 of human p53 are strongly conserved in diverse species. Among the amino-acids which play a key role in transcriptional activation and MDM2 oncoprotein binding F19, W23 and L26 are identical in the KET protein and L22 is conservatively replaced by isoleucine (Kussie et al., 1996) . The human p53 protein exhibits a functional nuclear localization signal (NLS) which contains the motif KKK at position 319 to 321 (Shaulsky et al., 1990) . A similar stretch of basic amino acids KKRR in the KET protein can be aligned with the NLS. The oligomerization domain of human p53 between aas 325 and 356 shows 43% identity to KET, and G334 which is critical for the stability of this structure (Jerey et al., 1995) is conserved.
Based on characteristic features of the primary structure, the stretch of about 250 aas following the p53-related domain of the KET molecule can be divided into two parts. The glutamine-rich section between aas 383 and 410 and the proline-rich section between aas 418 and 496 bears a resemblance to the activation domain of many transcription factors (Mitchell and Tijan, 1989) . Surprisingly, the Cterminal part of KET between aas 498 and 606 shows signi®cant homology to the p53-unrelated extension of the squid p53 protein (Figure 1 ). Identical (33%) or conservatively exchanged aas present in several clusters can be aligned by the inclusion of one gap. The molluscan protein is, to date, the only p53 molecule for which a C-terminal extension of unknown function has been reported. Taken together, the high degree of identity between squid p53 and KET in the DNAbinding domain as well as the similarity of their Cterminal extensions strongly suggest that the Loligo p53 is a KET homologue rather than a p53 homologue.
DNA blot analysis after digestion of rat genomic DNA with various restriction enzymes yielded single fragments indicating that a single copy of the KET gene is present in the haploid genome (Figure 2a) . The size of the KET transcript was examined by Northern blot and the tissue distribution by reverse transcription-PCR (RT ± PCR). An mRNA of *4.7 kb was detected in tongue epithelium derived from the fungiform, foliate and CV papillae and also in tongue epidermis devoid of taste cells, but not in tongue muscle (Figure 2b ). RT ± PCR analysis of adult rat tissues demonstrated that in addition to tongue epithelium KET mRNA is present in skin epidermis derived from dierent parts of the body and in thymus (Figure 3a) . The sensitive RT ± PCR technique also gave a signal in tongue muscle which was not detectable by RNA blot analysis. All of the other organs failed to yield a signal in the KET-speci®c PCR. The restricted tissue distribution of the KET mRNA is Figure 1 Deduced amino-acid sequence of rat KET protein and comparison with those of the human (p53hu) and squid Loligo forbesi (p53lo) p53 tumor suppressor proteins. Positions at which two of the three sequences possess the same residue are shown in white on a black background. The evolutionary conserved regions II, III, IV and V of the DNA-binding domain of p53 are enclosed in boxes and amino-acids of the human p53 that directly contact the DNA are marked with an asterisk. The nucleotide sequence of the rat KET cDNA has been deposited in the EMBL, GenBank and DDJB nucleotide sequence databases under the accession number Y10258 in contrast to the ubiquitous expression of the p53 gene which was analysed along with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA control, in the same reaction. KET expression takes place predominantly in keratinizing epidermis that is in direct contact with the environment. Thymic epithelium also contains heavily keratinized structures in the form of Hassall's corpuscles (von Gaudecker, 1991) . Non-quantitative RT ± PCR analysis of mouse embryos at embryonic days 11 to 18 indicated that KET mRNA is expressed at all developmental stages analysed (Figure 3b) .
In situ hybridization histochemistry revealed relatively high levels of KET mRNA in keratinocytes of the tongue epithelium, predominantly in the basal part of the trenches of taste papillae that contain taste buds (Figure 4a, c) . In the CV papilla, the onion-shaped taste buds seem to be embedded in keratinocytes expressing the KET gene. Cells of the taste bud itself, including taste receptor cells which contain gustducin mRNA, do not possess KET transcripts (Figure 4c, d) . It is tempting to speculate that KET expression marks a special population of keratinocytes surrounding the taste buds. These cells have been shown to divide and to enter the taste bud subsequently (Beidler and Smallman, 1965) . Recent evidence suggests that taste receptor cells, which are continuously renewed, originate from the local epithelium and constitute a polyclonal structure (Stone et al., 1995) . In non-taste related parts of the tongue a faint signal in the basal cell layer of the epidermis could also be detected.
The KET gene may represent a primordial p53 ancestor gene which appeared early in phylogenesis. While in invertebrates the KET homologue probably remained the only p53-like gene, the tumor suppressor gene p53 evolved in vertebrate species as a safeguard device for cell-cycle control and apoptosis with retention of the ancestral gene. The persistence of the KET gene and its conservation point to an important function that cannot be ful®lled by p53. The remarkable homology of KET to the squid protein and its expression during embryogenesis suggest that it plays a role in development and dierentiation. The KET protein is a putative transcription factor which may have, by virtue of its homology to p53 and its predominant localization in skin epidermis, a role in linking environmental cues to cell-cycle control or apoptosis. However, KET contains in its C-terminal portion sequences that are fairly well conserved between the molluscan and mammalian proteins which may mediate additional functions. The restricted expression pattern in the adult suggests that the KET gene is involved in tissue-speci®c dierentiation processes that require cell-cycle arrest as a prerequisite. Further studies will reveal whether this gene is involved in the development of epidermal tumors and exhibits hot-spots for mutation as does p53.
Materials and methods

Cloning of KET cDNAs
RNA was isolated from epithelial sheets of rat CV papillae, enriched in taste buds, which were prepared by collagenase treatment (Striem et al., 1991) . Five mg total RNA were used to construct an oligo(dT)-primed cDNA library in lambdaZAP express according to the manufacturer's instructions (Stratagene). One ml of the library was ampli®ed for 40 cycles with the primers 5'-TACAAGGT-CATCGGCTCGGTG-3' and 5'-GTGACCACCACGAA-CAGCGT-3' which encode portions of the rat metabotropic glutamate receptor mGluR4 (Tanabe et al., 1992) , and the resulting *340 bp PCR fragments were cloned (SureClone, Pharmacia). The deduced protein sequence of one clone exhibited signi®cant similarity to aas 76 to 178 of the human p53 protein. 4610 5 pfu from pools of the library preselected by PCR were conventionally screened with the 32 P-labelled rat PCR fragment. Of Northern blot analysis of KET mRNA in tongue tissues. After hybridization with a KET-speci®c probe and exposure for 14 d, the blot was stripped and reprobed with a GAPDH-speci®c probe and exposed for 35 h. The size of the KET mRNA which is in good agreement with the length of the cDNA clone was calculated from its mobility relative to an RNA ladder (Life Technologies) Figure 3 (a) RT ± PCR analysis of KET mRNA distribution in adult rat tissues. The co-ampli®cations of GAPDH and p53 ®rst-strand cDNAs were performed as positive controls. (b) RT ± PCR analysis of KET mRNA during mouse development. RNA was isolated from total mouse embryos excluding the head at the embryonic days (ED) indicated about 40 hybridizing plaques, four were puri®ed, converted into plasmids by in vivo excision, and characterized by restriction mapping. To obtain additional 5'-sequences, the primers 5'-ATGTCCCAGAGCACACAGAC-3' (derived from the human KET sequence) and 5'-CCTCGGTGA-CATGCTCGGCT-3' (derived from the rat KET sequence) were used in the PCR to amplify and subsequently clone a 620 bp fragment from rat CV cDNA. The amino-acid sequence deduced from the consensus sequence of three clones extended the rat KET sequence derived from the longest cDNA clone 6-11 by 62 aas at the N-terminus. Plasmid DNA was sequenced on both strands using the Dye Deoxy Terminator Cycle Sequencing Kit and a Model 377 DNA sequencer (Applied Biosystems).
Southern and Northern blot analysis and RT ± PCR
After separation of 20 mg/lane restricted rat genomic DNA and 15 mg/lane glyoxylated total RNA nucleic acids were transferred to Genescreen plus (Du Pont NEN) or Hybond N (Amersham) membranes, respectively. Blots were hybridized at 428C in 50% (v/v) formamide/46SSPE with a 2.4 kb BamHI/EcoRI fragment, derived from the 3' untranslated region of the KET cDNA, which was labelled with [ 32 P]dCTP by random priming. After washing twice for 15 min each at room temperature followed by 15 min at 658C in 26SSC/ 0.1% (w/v) SDS blots were analysed by autoradiography. The Northern blot was stripped and rehybridized with a 32 Plabelled probe derived from a fragment of the GAPDH cDNA obtained as described below. For RT ± PCR, one mg total RNA was reverse-transcribed using Superscript II reverse transcriptase (Life Technologies) and random hexamer primers. 5% of the sample was ampli®ed by the PCR for 30 cycles with the primers 5'-ATCGTTACTCTG-GAAACCAG-3' and 5'-CA TGTGAGTGCCCATCATAG-3' which¯ank the sequence encoding the section of KET between aas 278 and 464. As controls, the same PCR contained the primers 5'-AT GGCCATCTACAAGAA-3' and 5'-CAGGAGCTGTTG CACAT-3' to amplify a 253 bp fragment of the rat p53 cDNA as well as the primers 5'-TGAAGGTCGGTGTGAACGGATTTGGC-3' and 5'-CATGTAGGCCATGAG GTCCACCAC-3' to amplify a 981 bp fragment of the rat GAPDH cDNA. Equal volumes of each reaction were loaded on a 1.2% (w/v) agarose gel and, after electrophoresis, the PCR fragments were visualized using ethidium bromide.
In situ hybridization
Dissected tongues of adult Wistar rats were embedded into Tissue-Tek (Miles), cut at 10 mm thickness using a cryostat and transferred to 3-aminopropyltriethoxysilane-(Sigma) coated slides. Labeling of sense and antisense RNA probes with digoxigenin (DIG)-11-UTP was performed according to the protocols provided by Boehringer Mannheim. For the detection of KET mRNA, probes were transcribed from a plasmid containing a 540 bp insert that encodes aas 375 to 555 of the KET sequence. The gustducin probe was derived from a cloned PCR fragment corresponding to nucleotides 480 to 901 of the gustducin cDNA (McLaughlin et al., 1992) . Pretreatment of sections (®xation in 4% paraformaldehyde and acetylation), hybridization (in a buer containing 50% (v/v) formamide and 20 ng DIG-labelled cRNA/slide at 688C overnight) and washing (in 0.26SSC at 688C) were performed as described (Schaeren-Wiemers and Ger®n-Moser, 1993; Schmale and Behrens, 1995) . Immunological detection of DIG-labelled hybrids with alkaline phosphatase-conjugated anti-DIG antibodies was carried out according to the recommendations of the manufacturer (Boehringer Mannheim). The colour reaction was allowed to proceed for 17 h.
Computer analysis
The sequence compilations and alignments were computed with the Wisconsin Package Version 9.0, Genetics Computer Group (GCG), Madison, Wisconsin.
